Abstract-Transthoracic shear-wave elastography (SWE) of the myocardium remains very challenging due to the poor quality of transthoracic ultrafast imaging and the presence of clutter noise, jitter, phase aberration, and ultrasound reverberation. Several approaches, such as diverging-wave coherent compounding or focused harmonic imaging, have been proposed to improve the imaging quality. In this study, we introduce ultrafast harmonic coherent compounding (UHCC), in which pulse-inverted diverging waves are emitted and coherently compounded, and show that such an approach can be used to enhance both SWE and high frame rate (FR) B-mode Imaging. UHCC SWE was first tested in phantoms containing an aberrating layer and was compared against pulse-inversion harmonic imaging and against ultrafast coherent compounding (UCC) imaging at the fundamental frequency. In vivo feasibility of the technique was then evaluated in six healthy volunteers by measuring myocardial stiffness during diastole in transthoracic imaging. We also demonstrated that improvements in imaging quality could be achieved using UHCC B-mode imaging in healthy volunteers. The quality of transthoracic images of the heart was found to be improved with the number of pulse-inverted diverging waves with a reduction of the imaging mean clutter level up to 13.8 dB when compared against UCC at the fundamental frequency. These results demonstrated that UHCC B-mode imaging is promising for imaging deep tissues exposed to aberration sources with a high FR.
ultrasound [1] [2] [3] [4] [5] [6] [7] and magnetic resonance [8] [9] [10] elastography imaging techniques have been proposed and developed to evaluate tissue stiffness properties. Techniques are typically based on the mapping of the propagation of mechanical waves in tissue; more specifically, low-frequency shear waves are induced and tracked to estimate their propagation speed (which typically lies between 1 and 10 m/s). Specifically, ultrasound shear-wave elastography (SWE) consists in: 1) generating a push using acoustic radiation force; 2) image the resulting shear-wave propagation; and 3) map the local velocity of the shear wave, which can be used to determine the local stiffness of tissues using rheological models of varying complexities.
Recent advances in the elastography techniques have allowed for stiffness measurements in deep organs, such as the heart [11] [12] [13] [14] [15] [16] . Indeed, several in vivo SWE studies have shown in open-chest animals that local stiffness measurements, during one cardiac cycle, are feasible and clinically relevant [17] [18] [19] . A high imaging frame rate (FR) is required, i.e., typically above 1000 frames/s, to track shear waves induced in the human heart. Different approaches were proposed to achieve such FRs, such as, ECG gated [20] , [21] , and ultrafast imaging with unfocused transmit waves [22] [23] [24] [25] [26] . However, transthoracic shear-wave imaging remains challenging in vivo for multiple reasons. First, the presence of clutter noise, jitter, phase aberrations, and ultrasound reverberation reduce the imaging quality due to distortion of the transmitted pulses. Second, ultrasound attenuation reduces the signal-to-noise ratio (SNR) of the tissue velocities used to track the shear wave. Recent studies have shown, independently, that harmonic imaging [27] and coherent compounding [28] could palliate these two issues.
Harmonic imaging uses the nonlinear propagation of ultrasound wave to improve image quality [29] . Indeed, many factors, such as, e.g., the presence of fat, skin layer thickness, and hydration level result in the progressive distortion of ultrasound waves as they propagate into the tissue. This distortion leads to imaging artifacts, such as, e.g., clutter noise, jitter, phase aberration, and ultrasound reverberation. Harmonic imaging provided a reduction of these artifacts using a lower frequency in transmit but without compromising on contrast and resolution [30] . The nonlinear propagation of ultrasound waves, in biological tissues, generates harmonic frequencies that are multiple integers of the fundamental transmitted-wave frequency. To perform harmonic imaging, one must isolate the higher harmonic signals contained in the backscattered ultrasound echoes, 0885 -3010 © 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
and different methods typically based on filtering and pulse inversion have been proposed to do so [30] . Indeed, a bandpass filter [31] can be directly applied onto the baseband signals to isolate the second harmonic content. In pulse-inversion (PI) techniques [32] , two identical pulses of opposite polarity are sequentially transmitted. Their respective received signals are then summed, which result in the cancellation of linear and odd harmonic components and in the doubling of the even harmonic components. The PI method is often preferred as it has the advantage of cancelling harmonic content generated by the electronics. However, since two pulses are summed to form a single image, PI divides the imaging FR by 2. While harmonic imaging techniques have been used extensively for B-mode and contrast imaging, their application to SWE is relatively recent. Song et al. [27] proposed a PI harmonic sequence with unfocused emissions for SWE, using a phased-array transducer to improve transthoracic cardiac shearwave measurements. Also, Doherty et al. [33] proposed a fully sampled sliding-window PI harmonic technique that decreases jitter and does not divide by half the imaging FR, to arterial acoustic radiation force impulse imaging improvement. Both works showed an improvement of the tissue velocity estimation, indicating that harmonic imaging for cardiac transthoracic applications can contribute to improve shear-wave tracking and, as a consequence, myocardial stiffness measurements.
Approaches based on the coherent compounding of successive backscattered echoes, such as, e.g., as synthetic aperture imaging [34] and plane-wave coherent compounding [35] , have been proposed to improve image quality and motion estimation. For instance, in plane-wave coherent compounding, the backscattered echoes from successive tilted plane waves transmitted at high FR are coherently compounded to restore a synthetic focus in transmit. Recently, this principle was extended to diverging waves [28] to achieve larger fields-ofview using ultrafast ultrasound imaging in cardiac applications. This approach is similar to synthetic aperture imaging when a small number of virtual sources positioned behind the probe are used [36] .
Based on [28] , we propose to combine the coherent compounding approach with harmonic imaging, using a sliding-window PI approach, with the objective of improving transthoracic ultrafast imaging of the heart. In this study, we demonstrate that by combining the two techniques, larger SNR and reduced clutter and aberration noise can be obtained.
Specifically, we propose two implementations of ultrafast harmonic coherent compound (UHCC) imaging: one for cardiac SWE, and another for high FR B-mode imaging. UHCC SWE was designed for enhanced shear-wave propagation tracking and thus is performed at a very high FR. We showed herein that UHCC SWE improves the SNR of shear-wave velocity mapping, when compared against ultrafast coherent compound (UCC) imaging at the fundamental frequency [28] and sliding-window PI harmonic (UH) imaging [33] in a porkbelly gelatin-agar phantom. The in vivo feasibility of UHCC SWEI was evaluated on the heart, by measuring the diastolic myocardial stiffness transthoracically of six healthy volunteers. UHCC B-mode imaging was designed to improve imaging quality at large field-of-view and high FR, and evaluated in vivo in healthy volunteers. We showed that UHCC B-mode imaging is more efficient for clutter noise reduction than UCC B-mode imaging at the fundamental frequency.
II. MATERIALS AND METHODS
An Aixplorer system (Supersonic Imagine, Aix-en-Provence, France) and a 2.75-MHz linear phased-array transducer (Vermon S.A., Tours, France, 96 elements, 0.2-mm pitch) were used for B-mode and SWE acquisitions. Two sequences based on ultrafast imaging [28] were designed: a first sequence dedicated to SWE imaging, and a second to perform B-mode imaging. The two sequences were built with similar transmit patterns and were adapted according to the constraints of each imaging mode.
A. Imaging Sequences
The imaging sequences developed herein are based on the emission of diverging waves. Diverging waves are defined by a virtual source located behind the probe and are associated with an emission subaperture. These diverging waves emanating from different virtual sources can then be coherently summed, and image quality can be improved (see [28] for details).
For each imaging mode, a different diverging-waves' transmission sequence was designed. SWE requires a high FR for the tracking of the propagation of shear waves. Hence, a small number of virtual sources were used in SWE sequences. To increase the relatively limited SNR associated with a small number of virtual sources, the virtual sources can be positioned farther behind the probe to increase the radius of the diverging wave, which allows for a larger number of elements contributing to the emission and limits the geometrical attenuation. The tradeoff, however, is a reduced field-of-view. In the case of B-mode imaging, a large number of virtual sources positioned near the probe were used to achieve a large field-of-view and high contrast imaging, at the cost of a reduced FR.
To perform harmonic imaging, the emission associated with each virtual source was performed twice, with opposite polarities.
1) UHCC Imaging: A shear wave was generated using a push beam with a 2.75-MHz central frequency with full aperture, i.e., using all the 96 elements of the probe. Immediately after generating the shear wave, the UHCC imaging sequence was launched. In this sequence, N virtual sources were used with a full aperture, i.e., with all 96 elements). The set of N diverging waves was transmitted (center frequency = 1.9 MHz and pulse duration = 2 cycles) by organizing the virtual sources (indicated by i = 1, . . . , N in Fig. 1 ) in a virtual array with a pitch equal to 96/N elements (see Fig. 1 ), and at a 30-mm distance behind the probe. For each virtual source, diverging waves of opposite polarity were emitted sequentially and the backscattered RF signals associated with both polarities were recorded and summed using a sliding window [33] . Finally, by coherently recombining each harmonic data set associated with different virtual sources, compounded harmonic images were produced with an FR equal to the pulse repetition frequency. From these images, 2-D axial tissue displacements' maps were obtained using a table-sum 1-D RF cross correlation with cosine interpolation applied onto RF data [37] , [38] . After compounding of the images associated with each virtual source, the resulting FR was, therefore, given by
where PRF is the pulse repetition frequency and N is the number of coherently compounded diverging waves. The FR achieved was therefore equal to the one in the UCC imaging sequence [28] . The time sequence of an UHCC SWE acquisition is summarized in Fig. 1 , in which an example using three diverging waves is provided. In this study, the UHCC was compared against other previously published techniques, which correspond to UHCC without the use of either pulse inversion (UCC) or coherent compounding (UH), respectively.
2) UHCC B-Mode Imaging: For B-mode imaging, a set of N diverging waves was transmitted (center frequency = 1.9 MHz and pulse duration = 2 cycles) using a 21-element subaperture. The virtual sources were arranged in a virtual 1-D array by positioning each virtual source (i = 1, . . . , N) at the center of a (96/21)-element subaperture (Fig. 2) , i.e., 4.2-mm distance space, and at a 3-mm distance behind the ultrasound probe. For each virtual source, diverging waves of opposite polarity were emitted sequentially and backscattered RF signals from each polarity were received and summed. Unlike UHCC SWE sequence no sliding-window sum was applied. By coherently recombining each N-harmonic data set, compounded images were produced. The resulting FR is given by
where PRF is the pulse repetition frequency and N is the number of coherently compounded diverging waves. The B-mode UHCC imaging sequence is summarized in Fig. 2 , using a three diverging-waves' example. 
B. In Vitro Experimental Setup 1) Pork-Belly Gelatin-Agar Phantom Fundamental and Harmonic Coherently Compounded Diverging-Waves' SWE
Studies: Experiments to quantify the image quality of UHCC SWE were performed in a pork-belly gelatin-agar phantom (7% gelatin, 2% Agar, and 1% propanol), with two different experimental apparatuses.
In the first experimental apparatus, an absorber made of polyurethane (NPL, UK) was covered with a gelatin-agar layer to create a gelatin-agar phantom [ Fig. 3(a) ] that mimics an ideal homogeneous soft tissue.
In the second one, a fresh piece of pork-belly skin with fat was positioned above the gelatin-agar [ Fig. 3(b) ]. The porkbelly skin layer allowed us to generate ultrasound aberrations similar to the ones caused in vivo. In both experimental apparatus, the probe was positioned on top of the phantoms immersed in a layer of water to guarantee good acoustic coupling.
In all the in vitro experiments, a shear wave was generated using a 300-µs-long, 2.75-MHz push beam focused at 65 mm below the center of the transducer. Six different sequences to track the shear wave during 7 ms were compared in the two phantom configurations. Specifically, three different sequences with N = 1, 2, and 3 coherently compounded diverging waves were designed, with and without pulse inversion, i.e., UHCC and UCC sequences. The imaging depth was fixed to 90 mm and the PRF to 5924 Hz. For the fundamental sequences (i.e., without pulse inversion), a 2.75-MHz center frequency was used. In the case of harmonic sequences, a 1.9-MHz center frequency was used in transmit and a 3.8-MHz frequency was used in receive. Each sequence was repeated five times. Additionally, prior to the shear-wave imaging sequence, a UHCC B-mode image was obtained using 10 coherently compounded diverging waves. Table I shows the UCC and UHCC SWE imaging parameters used in in vitro.
C. In Vivo Human Heart Experimental Setup
The in vivo feasibility was assessed by performing transthoracic human heart SWE and B-mode imaging in six healthy volunteers. All volunteers signed an informed consent and the research study was performed within the clinical investigation protocol no. 2015-A00187-42 approved by the CPP (Comité de Protection des Personnes), Ile de France VI, France. The acoustic output of the sequences used in vivo was measured using a calibrated interferometer in water. The ultrasonic sequences complied with the Food and Drug Administration (FDA) requirements (510 k Track 3, FDA) regarding the mechanical index (MI) and the spatial-peak time average (I SPTA ) with the derating factor of 0.3 dB cm −1 MHz −1 . In the SWE imaging sequence, the MI 0.3 was limited by the pressure at the focus of the push beam and it was set to 1.8. The I SPTA0.3 was 154 mW/cm 2 , assuming a repetition time of 1 s. For the unfocused transmits (80 diverging waves), the MI 0.3 and I SPTA0.3 were 0.6 and 2.2 mW/cm 2 , respectively, assuming a repetition time of 1 s. For both imaging acquisitions, MI 0.3 and I SPTA0.3 values were inferior to MI 0.3 = 1.90 and I SPTA0.3 = 720 mW/cm 2 , limits imposed by the FDA. The temperature at the probe surface was also measured and remained stable for the transmission of one SWEI (20-ms duration) and B-mode imaging (15-ms duration) sequences repeated every second. The increased temperature was inferior to temperature uncertainty of the measurement system (±0.1
• C) during the sequences' tests.
The experiments were conducted and performed by a trained cardiologist. A parasternal short-axis view was used for all the acquisitions. The time between each acquisition was 1 min. Repeatability was assessed in one volunteer by performing five successive acquisitions separated by 1 min.
1) Transthoracic UHCC SWE Study:
A push beam of 2.75-MHz central frequency and 300-µs duration was induced in the center of the anteroseptal myocardial wall of the left ventricle. The focal depth was adjusted for each patient between 45 and 75 mm to position the focal zone at the midwall location of the anteroseptal wall. The UHCC SWE sequences were set to one, two, and three diverging-waves' transmission with a PRF of 6849 Hz. They were synchronized with the ECG signal to generate and detect shear-wave motion at end diastole.
A prior to the UHCC SWE acquisition, a UHCC B-mode imaging was also obtained with the following parameters: 15 diverging waves, at a 120-mm depth, and an FR equal to 153 frames/s (PRF = 4608 Hz).
2) UHCC and UCC B-Mode Imaging-Diverging Waves Coherently Compounded Number Evaluation:
To evaluate the imaging quality in terms of SNR and contrast, experiments were performed using a UHCC B-mode imaging sequence and compared against the performances of UCC. For both sequences, i.e., UHCC and UCC, the transmission was performed using 1-40 coherently compounded diverging waves, at a 100-mm depth and with a PRF equal to 5319 Hz. The imaging FR varied between 5319 and 133 frames/s for the UCC sequence. For the same number of coherently compounded diverging waves, the FR was divided by two for UHCC. Table II shows the parameters used for UHCC SWEI and UHCC B-mode imaging in the in vivo experiments.
D. Postprocessing Analysis
Beamforming of radio-frequency (RF) signals was performed using a conventional delay-and-sum algorithm implemented on the GPU.
1) Shear-Wave Propagation Tracking and Speed Estimation:
Tissue axial velocity images were obtained using 1-D cross correlation of successive frames with cosine interpolation applied on the beamformed RF signals [37] , [38] . A 1.5-mm kernel size with a 97.5-% overlap was used for all sequences. Tissue velocity images were then scan converted. Spatiotemporal tissue velocity data were then computed and shear-wave speeds in the −x-and +x-directions were assessed using a linear least-squares estimation on temporal 1-D cross correlation with different lateral spatial lags (lags range: 0.2-1.8-mm) [39] . For the in vitro experiments, the shear-wave speed was estimated using the spatiotemporal tissue velocity data that were averaged within depths of 3-mm around the push location.
In these experiments, the SNR was evaluated quantitatively around the push region for UCC and UHCC SWE studies. SNR maps were calculated as follows:
where S is the tissue velocity image, σ xz is the tissue velocity standard deviation in the absence of shear-wave propagation, and T is the acquisition time. The averaged SNR values were evaluated within a region-of-interest around the push location. The percentage of area within these regions-of-interest with an SNR above a threshold of 25 dB was quantified. This threshold was determined by Deffieux et al. [40] as an acceptable SNR for the reconstruction of shear velocity maps with a standard deviation of 10%.
For the in vivo acquisitions, the average myocardial wall motion was subtracted before the tissue velocity images scan conversion, since the natural myocardial wall has a lowfrequency content [41] , [42] and acts as a noise source in the detection of the shear-wave propagation. Also, the anteroseptal wall was segmented to using a B-mode image reference acquired.
Then, the shear-wave speed in the −x-and +x-directions was estimated, through spatiotemporal tissue velocity data that were averaged within depths of 3-mm around the push location in the anteroseptal wall. Shear-wave speeds were assessed and the adjusted coefficient of determination (R 2 ) of the leastsquares fit results was calculated. The adjusted coefficient of determination was used as an exclusion criterion for the shearwave speed estimation. Values with an adjusted coefficient of larger than 80% of the shear-wave speed estimation were excluded and no shear-wave propagation was considered in those cases.
2) UHCC and UCC B-Mode Imaging:
The B-mode image quality was assessed on the final images, i.e., after beamforming, coherent summation, scan conversion, and log compression, with a 60-dB dynamic range. Then, to evaluate imaging quality in a function of the number of diverging-waves' emitted, a mean clutter level analysis in regions-of-interest was performed, for both UHCC and UCC sequences. These regionsof-interests (5 × 6 mm 2 ) were chosen and positioned arbitrarily in the anterior and posterior wall, and in the left ventricle cavity at approximately the same depth to evaluate the contrast of the image. For each region-of-interest, the absolute intensity values of ultrasound images were averaged over the region of interest. Finally, the mean clutter level for UHCC and UCC was determined by the ratio of the average intensity in the cardiac cavity and in the tissue. Fig. 4 presents the results acquired for the gelatin-agar phantom. Acquisitions provided an image quality that was sufficiently high for the estimation of the shear-wave speed, regardless of the number of compounded diverging waves or of the use of pulse inversion. Fig. 5 shows the results obtained with this pork-belly gelatinagar phantom.
III. RESULTS

A. Gelatin-Agar/Pork-Belly Gelatin-Agar Phantoms Fundamental and Harmonic Coherently Compounded DivergingWaves' SWE Studies
Shear-wave propagation tracking was possible for all acquisitions. However, in this case, due to the skin and fat layer, which causes ultrasound aberrations, the UHCC sequence resulted in a qualitatively larger SNR. Indeed, one can observe that the waveform is better defined with respect to the background noise and especially at larger propagation distances when using UHCC.
Figs. 6 and 7, and Table III provide a systematic and quantitative analysis of this observation. The percentage of area with an SNR above a threshold of 25 dB was quantified and is showed as well in Table III . Fig. 6 shows that the SNR is relatively similar when using the UCC and UHCC sequences in the gelatin-agar phantom configuration. We also note that the SNR increases with the number of compounded diverging waves, as was demonstrated previously in [28] . Fig. 7 , on the other hand, shows that in the presence of an aberrating layer such as a pork-belly layer and for a fixed number of compounded diverging waves, the SNR associated with UHCC is larger than the SNR associated the UCC sequence.
Table III summarizes these results using the spatial average of the SNR maps of the regions-of-interest shown in Figs. 6 and 7. Interestingly, in the absence of an aberrating layer (i.e., when using the gelatin-agar phantom), the SNR associated with Fig. 4 . Gelatin-agar phantom configuration results. An UHCC B-mode image using 10 diverging waves, spatiotemporal tissue velocity images of the shear-wave propagation (push depth equal to 65 mm) for (b) UHCC and (a) UCC SWE using one to three coherently compounded diverging waves. Tissue velocities were averaged axially within a 3-mm region. Fig. 5 . Pork-belly gelatin-agar phantom configuration results. A B-mode ultrafast harmonic using 10 diverging waves and spatiotemporal tissue velocity images of the shear wave propagation (push depth 65 mm) for (a) UCC and (b) UHCC. SWE using one to three coherently compounded diverging waves. Tissue velocities were averaged axially within a 3-mm region. the UHCC sequence was relatively equivalent with the SNR associated with the UCC sequence, albeit by a small value (0.7 dB when using two and three coherently compounded diverging waves). Also, the area above 25 dB was almost 100% using both UHCC and UCC. In contrast, the UHCC sequence provided a consistent improvement in SNR in the presence of an aberrating layer, i.e., pork-belly gelatin-agar phantom. This improvement was larger in absolute difference of SNR when increasing the number of diverging waves, but the relative improvement was approximately constant (approx. 30.6% SNR improvement when compared against UCC for a fixed number of compounded diverging waves). The SNR surface area percentage above 25 dB was higher for UHCC than UCC and increased consistently with two and three coherently compounded diverging waves.
B. In Vivo Acquisitions 1) Transthoracic UHCC SWE in the Human
Heart: UHCC SWE was evaluated in vivo at high FRs (> 1500 frames/s), using one to three diverging waves. The spatiotemporal axial tissue displacements' images, averaged within 3-mm depth around the myocardial wall center are shown in Fig. 8 for the six volunteers.
Without coherent compounding, shear-wave imaging the shear-wave propagation was detected in volunteers 1 (in both directions), 2 (in both directions), and 6 (in +x-direction). Using two compounded diverging waves, the shear-wave propagation was detected in all volunteers in at least one direction. Using three diverging waves, shear waves were detected in all acquisitions in both directions, except in volunteer 6, where no shear wave was detected.
The shear-wave speed was estimated for all the acquisitions where shear waves could be tracked in at least one direction.
After the applicability of the exclusion criteria, shear-wave propagation speeds were estimated in all cases, with the exception of the volunteers 4 (in −x-direction) and 6 (in −x-direction). These results are shown in Table IV .
Repeatability tests were performed in one volunteer. The UHCC sequence was repeated five times for one to three compounded diverging and shear waves were tracked for both −x and +x-directions. In each acquisition, spatiotemporal images were computed, averaged within a 3-mm deep region, and centered in the left-ventricle anterior-septal midwall. Arithmetic means and standard deviations are presented in Table V .
2) Transthoracic B-Mode Human Heart Study: UHCC Bmode imaging was evaluated using 1-40 coherently compounded diverging-waves' transmission, and compared against UCC B-mode. Fig. 9 shows the imaging quality improvement of the UCC and UHCC B-mode images with an increasing number of diverging waves. As indicated by [43] , increasing the number of compounded diverging waves resulted in improvements in terms of SNR, lateral resolution, and contrast when compared with a single diverging-wave image.
The mean clutter value in the cardiac cavity (regions-ofinterest represented by red boxes) was also evaluated and the results are presented in Fig. 9 .
The contrast of UHCC B-mode imaging was consistently larger than UCC B-mode imaging. Specifically, a clutter level decrease of 6.3 dB was found for one diverging wave and 13.8 dB for 40 diverging waves compared against UCC imaging with the same number of transmitted waves.
IV. DISCUSSION
This paper investigated the potential of a hybrid ultrafast imaging sequence based on the combination of pulse inversion and coherent compound imaging. Two sequences were designed and implemented in vivo: UHCC SWE and UHCC B-mode imaging. The main aim of this study was to assess the potential of UHCC as a means to improve shear-wave tracking in transthoracic cardiac applications that suffer from different noise sources.
UHCC SWE was first evaluated in an in vitro study. Harmonic imaging alone was shown to improve the shearwave tracking in the presence of an aberrating layer composed of porcine fat-and-skin. Combining the coherent compounding approach allowed for a larger SNR. The feasibility of UHCC SWE was assessed in transthoracic imaging of the human heart. Experiments were performed in six healthy volunteers during end diastole in the left-ventricle anteroseptal wall. The acquisitions were performed during end diastole, i.e., when the myocardium is relatively soft and the shear-wave Fig. 8 . In vivo transthoracic UHCC SWE in the human heart of six volunteers at end diastole. Left column: UHCC B-mode images acquired 5 ms before the SWE acquisition. Right column: spatiotemporal tissue velocity maps of the shear-wave propagation and averaged within 3-mm depth at the center of the myocardial wall for one (i.e., no coherent compound applied), two, and three diverging waves. The black lines represent the tracked shear-wave propagation path. Its slope corresponds to the shear-wave speed. speed is typically in the range of 1-2 m/s. The reproducibility of the presented technique was assessed in one volunteer by performing five acquisitions. Results showed that shear-wave tracking is possible by the combination of harmonic imaging and coherent compound imaging with diverging waves. Up to three diverging waves were used. Variations between +x-and −x-directions were also found, as expected, due to the complexity and anisotropy of myocardium tissue in the anteroseptal wall, composed of an arrangement of fibers from left and right ventricles.
In this study, UHCC was shown to improve SWE in phantoms and it was feasible in vivo in most of the cases. However, UHCC SWE remains challenging in vivo, as shear-wave velocity estimation was not possible for all acquisitions. Therefore, further investigation is required to determine the ideal number of diverging-waves' transmission and to apply such technique in clinical practice routine.
The maximum number of coherently compounded diverging waves is indeed limited by the shear-wave speed. The tradeoff between the number of coherently compounded diverging waves and the temporal sampling in SWE depends on many parameters including the tissue stiffness and the probe parameters and is complex to quantify. This study suggests that for shear-wave speeds of a few meters per second, three pulse-inverted coherently compounded diverging waves (i.e., corresponding to six emissions) can be used for diastolic shear-wave propagation tracking. For a PRF of 5924 frames/s, this corresponds to an FR of 1916 frames/s.
In systole, the heart contracts and, as a result, the shear-wave speed is comparatively higher. To estimate the systolic shearwave speed, higher FRs are required, or, equivalently, a smaller number of coherently compounded diverging waves should be used, which, in turn, reduces the SNR. The twisting of the heart during systole could also exacerbate artifacts associated with out-of-plane motion. The in vivo SWE studies in open-chest animals [17] [18] [19] have shown that shear-wave speed in systole is at least three times higher compared against the diastolic shear-wave speed (shear-wave speed in the range of 5-6 m/s). Consequently, for a PRF of 5924 frames/s, the FR necessary to track shear-wave speed in systole could reach 5924 frame/s, which corresponds to one diverging-wave transmission.
When using such a small number of emissions, it can be shown [28] that the influence of fast cardiac tissue motion degrades the coherence of the compound operation only in a limited and for most practical aspects, negligible. However, for a larger number of compounded diverging waves, a motion correction factor should be considered, as proposed previously [44] .
It should also be noted that even if all the acquisitions were performed by a trained cardiologist differences between acquisitions could occurred due to patient breathing or sonographer's motion. This study was focused on the challenging application of myocardial SWE. However, UHCC could benefit and be applied to other applications that have limited imaging quality due to attenuation and aberrations, such as in liver SWE. These sequences could also be implemented in conventional linear arrays by replacing the emission of diverging waves with plane waves.
UHCC B-mode imaging was also implemented and evaluated in vivo. A comparison of the technique against UCC was performed to assess differences in contrast, SNR and axial resolution.
Regarding clutter noise reduction, contrast increase, and axial resolution improvement, the combination of harmonic imaging with UCC imaging allowed for a strong increase in image quality when compared against the fundamental imaging. In this method, no sliding window was applied to privilege the PI effect instead of imaging FR, unlike in the UHCC SWE sequence. Using coherent compounding, the tradeoff between FR and image quality can be adjusted at no expense in terms of field-of-view. B-mode images with good image quality can be obtained at an FR of 270 frames/s for 10 coherently compounded diverging waves and for 10 cm of depth. These results are promising for imaging deep tissues exposed to aberration sources in cardiac applications but also for the imaging of the liver in patients with high body mass index.
V. CONCLUSION
In this study, we combined harmonic imaging and coherent compounding ultrafast imaging and applied it to cardiac SWE and high FR B-mode imaging. The sequences were implemented on an ultrasound scanner and experiments were performed with a phased-array probe. Image quality and shearwave propagation detection was evaluated by comparing the technique with the fundamental approach. Experiments performed through an aberrating layer, showed that shear-wave propagation tracking was improved by both harmonic imaging and coherent compounding and even more by the combination of both techniques, with UHCC imaging. Improvements in SNR were quantified and consistent in all in vitro experiments. In vivo feasibility was shown in the human heart to measure noninvasively shear-waves' speeds of the left ventricle wall and to evaluate B-mode image quality improvement. This technique could be used to perform shear-wave imaging and to improve B-mode imaging in the human heart.
